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Abstract
Relationship between chemical composition of cast iron and properties of flake graphite occurring in hypoeutectic and eutectic nickel-
manganese-copper cast iron was determined. The research covered over 60 alloys of cast iron containing 1.6 to 4.1 % C, 1.3 to 2.8 % Si, 
2.4 to 10.5 % Ni, 0.2 to 8.2 % Mn, 0.1 to 3.5 % Cu, 0.14 to 0.17 % P and 0.02 to 0.04 % S. Evolution of graphite properties with changing 
eutecticity degree of the examined cast iron is presented. For selected castings, histograms of eutectic graphite colonies are presented, 
showing numbers of graphite precipitates in individual size ranges and their shape described by the coefficient [, defined as the ratio of a 
graphite precipitate area to square of its circumference. Statistical evaluation of individual elements influence on graphite properties will 
be presented in part 2 of the work. 
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1. Introduction 
 
Properties of cast iron are notably decided by features of the 
contained graphite [1-9]. In literature, precipitates of graphite are 
described in various ways. Most often it consists in evaluation of 
shape, arrangement and size of precipitates, preformed by 
comparison with reference standards published in technical 
standards. Unlike the previous standard PN-75/H-0466, the 
currently valid ISO EN-PN 945:1999 introduces significant 
classification restrictions. For this reason, this work uses partially 
nomenclature and classification defined by PN-75/H-0466, 
commonly used in literature. 
For graphite evaluation, methods of quantitative metallography 
using image analysers are also applied [10-12]. Despite numerous 
shortcomings, these methods are more and more often used since 
they allow acquiring and analysing large data sets. Thanks to this, 
it is possible to evaluate graphite using statistical methods which 
level distribution inhomogeneity in castings and permit 
considering variety of graphite forms occurring in the same area. 
Most often, computerised image analysis is used for determining 
graphite quantity and the shape index of its precipitates. This index 
is defined in various ways in literature. Most frequently, it is 
determined as the ratio of a graphite precipitate area to square of its 
circumference. According to literature data, the [ index ranges 
from 0 to 0.030 for flake graphite, 0.035 to 0.065 for vermicular 
graphite and 0.065 to 0.080 for modular graphite [10]. 
2. Purpose and scope of the research 
 
The research was aimed at determining influence of chemical 
composition of cast iron on properties of the occurring flake 
graphite. Examinations were performed on over hundred castings 
of cast iron containing 1.6 to 4.1 % C, 1.3 to 2.8 % Si, 2.4 to 10.5 
% Ni, 0.2 to 8.2 % Mn, 0.1 to 3.5 % Cu, 0.14 to 0.17 % P and 
0.02 to 0.04 % S [13]. Preliminary microscopic observations 
revealed diversified graphite features with respect not only to 
chemical composition of cast iron, but also to solidification rate 
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observation place from the specimen surface. For this reason, 
evaluated was graphite occurring in the areas ca. 10 mm away 
from the surfaces of the standard cylindrical castings dia. 30 mm. 
It is assumed that, because of this, changes of graphite features 
are merely related to chemical composition of cast iron. 
3. Own research
 
In nine castings (of 102 examined), single fine precipitates of 
modular graphite were found, see Fig. 1. Their size ranges from 20 
to 60 μm, which is equivalent to the reference standards No. 6 and 
7 acc. to ISO EN-PN 945. Shape of the precipitates is diversified. 
The castings include both modular regular, modular irregular and 
compact graphite (shapes V and VI acc. to ISO EN-PN 945). 
 
  
   
Fig. 1. Modular graphite occurring together with compact graphite. 
Cast iron containing: 2,40 %C, 1,6 % Si,10,2 % Ni, 5,8 % Mn, 
4,6% Cu.  
 
Attempts of using statistical methods to determine influence of 
chemical composition of the alloys on possible occurrence of 
modular or compact graphite precipitates and determining their 
occurrence range gave no statistically reliable results. It can be 
only said that this shape of graphite occurs merely in the alloys 
highly inclined to chilling, where total graphite content does not 
exceed 3 %. This is the cast iron containing 1.6 to 2.5 % C in that 
increase of carbon concentration is accompanied by increasing 
manganese concentration up to over 7 %. No significant influence 
of other elements on tendency of cast iron to crystallisation of 
modular graphite was found. 
In the castings with the highest chilling degree only, graphite is 
present exclusively in form of modular precipitates. In the castings 
of cast iron with stronger tendency to graphitisation, modular 
graphite is present together with precipitates of very fine flake 
graphite designated in literature as point graphite or as 
supercooling graphite with size from 5 to 10 μm. In the alloys 
where total amount of this graphite is below 3 %, it occurs in form 
of small colonies surrounded by precipitates of modular or 
compact graphite, see Fig. 2. 
When increasing content of graphitising elements (mainly 
carbon) results in a change of proportion between modular and 
point graphite towards the latter one, the modular precipitates are 
located among the interdendritically arranged point graphite 
precipitates, see Fig. 3. Further increase of carbon and, partially, of 
silicon content leads to decay of modular graphite and to growth of 
quantity and size of flake graphite. 
 
    
 
Fig. 2. Point graphite occurring together with modular and 
compact graphite. Cast iron containing 2.45 % C, 2.6 % Si, 
5.2 % Ni, 5.8 % Mn, 3.2 % Cu. 
 
 
 
Fig. 3. Point graphite occurring together with compact graphite. 
Cast iron containing: 2,55% C, 2,9% Si, 8,1% Ni, 6,1% Mn, 
4,4% Cu  
 
In the alloys containing 2.0 to 2.3 % C with manganese 
content limited to 2.0  %, chilling in the examined castings 
practically disappears. Quantity of primary austenite dendrites in 
such cast iron is so large that small amount of solidifying eutectic 
colonies does not assume the shape characteristic for hypoeutectic 
cast iron. Instead, very fine flake graphite with arrangement D and 
size from 5 to 10 μm is present in interdendritic spaces, see Fig. 4. 
Its characteristics are presented in Figs. 5 and 6. The histogram in 
Fig. 5 shows percentages of graphite precipitates in individual 
length ranges and relative fraction of total area of these 
precipitates in relation to total graphite area. Over 50 % of total 
amount are graphite precipitates smaller than 15 μm. However, 
the largest fraction (23 %) falls to the precipitates with length 
ranging from 5 to 10 μm. Although the precipitates larger than 15 
μm make less than a half of the total quantity, their effect on the 
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area occupied by these properties makes over 75 % of total 
graphite area in the casting. Characteristics of graphite is 
completed with the shape index [ determining compactness of the 
graphite precipitates. In the considered cast iron, average value of 
this index is 0.048, which is typical for compact graphite, see 
Fig. 6.   
 
      
 
 
Fig. 4. Point graphite in cast iron containing: 2,40% C, 2,5% Si, 
4,8% Ni, 2,1% Mn, 1,6% Cu. 
 
Increase of the eutecticity degree and thus increase of the 
eutectic mixture fraction in the castings structure results in changes 
of graphite properties. Increased spaces between the austenite 
dendrites permit solidification of graphite colonies characteristic 
for hypoeutectic cast iron. Fine flake graphite with arrangement D 
crystallises in central areas of these colonies, and much larger flake 
graphite with arrangement E is formed in peripheric areas. Such 
structure image can be observed in all the castings made of cast 
iron with Sc = 0.75 to 1.10. The existing differences result mainly 
from fluctuations of carbon content in cast iron and from its 
relation to manganese content. Influence of the remaining elements 
on graphite properties is weaker. 
In cast iron containing 2.6 to 3.2 % C with manganese content 
over 4 %, large amount of fine interdendritic flake graphite with 
arrangement type D is present in central parts of the eutectic 
colonies. In peripheric areas of these colonies, many times larger 
graphite is precipitated, with arrangement type E, see Fig. 7a and 
7b. Histograms in Figs. 7c and 7d show characteristics of graphite 
occurring in a eutectic colony of cast iron containing 2.75 % C and 
4.3 % Mn. Clearly distinguished are two size ranges containing 
majority of the graphite precipitates. The first range includes the 
graphite precipitates 10 to 20 μm long and with [ ranging from 
0.030 to 0.040 (28 % of all precipitates). The second range 
includes the precipitates of typically flake graphite with length 
from 40 to 50 μm and [ from 0.010 to 0.020 (22 % of all 
precipitates). 
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Fig. 5. Histogram of graphite precipitates size in cast iron 
containing: 2,40% C, 2,5% Si, 4,8% Ni, 2,1% Mn, 1,6% Cu. 
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Fig. 6. Histogram of graphite shape index [ in cast iron 
containing: 2,40% C, 2,5% Si, 4,8% Ni, 2,1% Mn, 1,6% Cu. 
 
Increase of carbon content over 2.6 % leads to an 
evolutionary change of graphite features. Quantity of 
interdendritic graphite making the central area of a eutectic 
colony declines. The precipitates of graphite become larger and 
their arrangement changes from type D to type B. At the same 
time, quantity of graphite increases on a colony periphery, where 
its arrangement more and more shows features of interdendritic 
arrangement type E. An example can be graphite in cast iron 
containing 3.05 % C, see Fig. 8a and 8b. As results from the 
histograms in Figs. 8c and 8d, ratios of fractions in individual 
graphite size ranges changed decidedly and the shape index [ 
clearly decreased to 0.028, mainly as a result of lower fraction of 
fine graphite precipitates. 
Interdendritic graphite arrangement in the peripheries of 
eutectic colonies is visible in the castings of cast iron with the Sc 
value reaching 1.10. This concerns especially the alloys with 
higher nickel content. It is only in the alloys with higher eutecticity 
degree that graphite shows features of arrangement type A. 
An example is graphite occurring in cast iron with 3.10 % C, see 
Fig. 9a and 9b. The average length of its precipitates is 60 μm. 
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Fig. 7. Histogram of graphite precipitates size and shape 
index [ in cast iron containing 2,75% C, 2,3% Si, 7,2% Ni, 
4,3% Mn, 3,2% Cu. 
Fig. 8. Histogram of graphite precipitates size and shape index 
[ in cast iron containing 3,05% C, 2,0% Si, 7,8% Ni, 4,0% 
Mn, 3,6% Cu. 
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Fig. 9. Histogram of graphite precipitates size and shape index [ 
in cast iron containing 4,25% C, 2,6% Si, 7,9% Ni, 0,4% Mn, 
2,9% Cu. 
 
It results from the presented histograms (Figs. 9c and 9d) that 
length of most of the precipitates is within 50 to 70 μm, which 
makes over a half of the area occupied by graphite. Increase of the 
average length of the precipitates in comparison with the 
previously discussed alloys resulted in immediate drop of the 
shape index [av to 0.025. For over a half of the precipitates this 
value is included within 0.010 to 0.030. 
Further increase of the eutecticity degree results in appearance 
of the primary graphite precipitates which amount and size grow 
along with increasing carbon content. 
  250 Pm  4. Summary 
 
Results of analysis of graphite features in medium-nickel 
austenitic cast iron Ni-Mn-Cu are presented. The research 
concerns exclusively the hypoeutectic and eutectic alloys. In the 
alloys showing the highest tendency to chilling, small amounts of 
modular graphite occur (form V and VI acc. to ISO EN-PN 
945:1999). In cast iron with lower tendency to chilling, modular 
graphite is replaced by fine point graphite (supercooling graphite). 
As the saturation degree of the eutectic cast iron increases, a 
typical image of eutectic colonies is created. Fine flake graphite 
with arrangement D occurs in central parts of these colonies, but 
much larger graphite precipitates with features of arrangement E 
crystallise in the peripheries. Further increase of the eutecticity 
degree (mainly by higher carbon content) results in larger graphite 
precipitates in central parts of the eutectic colonies and in a 
change of their arrangement from interdendritic type D to type B. 
At the same time, increase of the amount and size of the graphite 
precipitates in peripheries of the colonies is observed. 
Arrangement of the precipitates changes to type A, and first 
precipitates of primary graphite appear in the structure only when 
Sc > 1.10. 
   50 Pm 
In this first part of the work, characteristics of graphite 
precipitates occurring in some selected castings only are 
presented. However, it is possible to generalise this problem by 
quantitative presentation of influence of individual element 
contents on graphite features in austenitic cast iron Ni-Mn-Cu. In 
the second part of the work, results of statistical analyses 
performed to this end will be presented.  
 
Literature
 
[1] J. V. Giacchi, R.A. Martínez, M.R. Gamba, R.C. Dommar-
co,  Abrasion  and  impact  properties  of  partially  chilled                  
gray iron, Wear, vol: 262, issue: 3-4, 2007, 282-291. 
[2] X.J. Sun, Y.X. Li, X. Chen, Identification and evaluation of 
modification level for compacted graphite cast iron, Journal 
of Materials Processing Tech., vol: 200, issue: 1-3, 2008, 
471-480. 
[3] E. FraĞ, M. Górny, W. Kapturkiewicz, H. López, Chilling 
Tendency and Chill of Cast Iron, Tsinghua Science & 
Technology, vol: 13, issue: 2, 2008, 177-183. 
[4] B. Ceccarelli, R. Dommarco, R. Martinez, M. Gamba,                   
M.,  Abrasion  and  impact  properties  of  partially  chilled                  
ductile iron, Wear 2004 pp. 49-55. 
189 ARCHIVES OF FOUNDRY ENGINEERING Volume 9, Issue 1/2009, 185-190[5] R. Dommarco, M. Sousa, J. Sikora, Abrasion resistance of                
high  nodule  count  ductile  iron  with  different  matrix                    
microstructures, Wear 2004 pp. 1185-1192. 
      [9] Y.  Wang,  X.Wei;  Jing,  M.  Tianfu;  S.  J.Gao,  Y.                  
Xin, "Properties of a gray cast iron with oriented graphite                  
flakes"  Journal  of  Materials  Processing  Tech.  2007,               
593-597.  [ 6 ] M .  H .  C h o ,  S . J .  K i m ,  R .  H .  B a s c h ,  J .  W .  F a s h ,  H .                                
Jang, Tribological study of gray cast iron with automotive            
brake linings: The effect of rotor microstructure, 
Unsubscribed  Journal  Tribology  International,            
vol: 36, issue: 7, 2003, 537-545. 
         [10]  C. Podrzucki, Cast Iron. Structure, properties, application, 
ZG STOP, Kraków, 1991. 
         [11]  E. FraĞ, Crystallization of metals, WNT, W-wa 2003.  
[7] Y.  Zhang,  Y.  Chen,  R.  He,  B.  Shen,  Investigation  of                    
tribological properties of brake shoe materials-phosphorous                    
cast irons with different graphite morphologies, Wear 1993,                    
pp. 179-186. 
 
 
[12] T. Warchala, M. S. SoiĔski, Charakterystyka wydzieleĔ 
grafitu w Īeliwie modyfikowanym dodatkami bizmutu i 
metali ziem rzadkich, Archives of Mechanical Technology 
and Automatization, vol. 18, inssue: specjal, 1998, 297-306. 
[13] A. Janus, K. Granat, Austenityczno-bainityczne Īeliwo Ni-
Mn-Cu odporne na Ğcieranie, Raporty Inst. Technol. Masz. 
Autom. PWroc. 2005 Ser. SPR nr 28.  
[8] A.R. Ghaderi, M. Ahmadabadi, H.M. Ghasemi, Effect of 
graphite morphologies on the tribological behavior of cast 
iron, Wear, vol: 255, issue: 1-6, 2003, 410-416.          
190 ARCHIVES OF FOUNDRY ENGINEERING Volume 9, Issue 1/2009, 185-190